Adenosine released by ischemic myocardial cells stimulates coronary artery vasodilation. Measurement of adenosine concentrations in pericardial fluid in animal models of myocardial ischemia has been used to study the process of adenosine release. To determine whether pericardial fluid adenosine concentrations are increased in human ischemic heart disease, adenosine concentrations were measured in pericardial fluid in 23 subjects undergoing open-heart surgery for coronary artery disease. The results were compared with adenosine concentrations measured in pericardial fluid obtained from 20 subjects undergoing surgery for valvular heart disease. Adenosine concentrations also were measured in pleural fluid obtained during internal mammary artery bypass grafting. Adenosine concentrations were significantly increased in subjects with coronary artery disease compared with fluid obtained from subjects with valvular heart disease (2.47±0.24 vs 1.36±0.21 [SEM] A nimal studies have established that myocardial ischemia or hypoxia stimulates the release of adenosine by myocardial cells.' 2 Adenosine acts as a coronary artery vasodilator to increase the blood supply to ischemic myocardium.3 Attempts to validate the relevance of adenosine as a protective substance in human ischemic heart disease has proved difficult owing to the inaccessibility of human tissue for study. Previous efforts in this area have focused on measuring adenosine in coronary sinus blood.4-6 Feldman and co-workers recently used atrial pacing to induce an increase in coronary sinus adenosine in subjects with coronary artery disease.7 No change in coronary sinus adenosine occurred with atrial pacing in control subjects with normal coronary arteries. Unfortunately, the measurement of adenosine release is difficult owing to the low concentration of adenosine in blood and its relatively short halflife.8-10
Adenosine released by ischemic myocardial cells stimulates coronary artery vasodilation. Measurement of adenosine concentrations in pericardial fluid in animal models of myocardial ischemia has been used to study the process of adenosine release. To determine whether pericardial fluid adenosine concentrations are increased in human ischemic heart disease, adenosine concentrations were measured in pericardial fluid in 23 subjects undergoing open-heart surgery for coronary artery disease. The results were compared with adenosine concentrations measured in pericardial fluid obtained from 20 subjects undergoing surgery for valvular heart disease. Adenosine concentrations also were measured in pleural fluid obtained during internal mammary artery bypass grafting. Adenosine concentrations were significantly increased in subjects with coronary artery disease compared with fluid obtained from subjects with valvular heart disease (2.47±0.24 vs 1.36±0. 21 [SEM] A nimal studies have established that myocardial ischemia or hypoxia stimulates the release of adenosine by myocardial cells.' 2 Adenosine acts as a coronary artery vasodilator to increase the blood supply to ischemic myocardium.3 Attempts to validate the relevance of adenosine as a protective substance in human ischemic heart disease has proved difficult owing to the inaccessibility of human tissue for study. Previous efforts in this area have focused on measuring adenosine in coronary sinus blood.4-6 Feldman and co-workers recently used atrial pacing to induce an increase in coronary sinus adenosine in subjects with coronary artery disease.7 No change in coronary sinus adenosine occurred with atrial pacing in control subjects with normal coronary arteries. Unfortunately, the measurement of adenosine release is difficult owing to the low concentration of adenosine in blood and its relatively short halflife. [8] [9] [10] An increase in cardiac interstitial fluid adenosine in an animal model of myocardial ischemia has been Pericardial fluid is believed to be formed from cardiac interstitial fluid which migrates through the epicardial surface of the heart. This fluid is removed by the pericardial membrane. To our knowledge, there are no studies which have measured adenosine concentrations in human pericardial fluid. Our objective was to measure pericardial fluid adenosine, and to determine whether adenosine concentrations in subjects with ischemic heart disease differed from subjects with valvular heart disease.
MATERIALS AND METHODS
Subjects were selected from adult subjects undergoing cardiac surgery for either coronary artery disease or valvular heart disease at the Pitt County Memorial Hospital. The study was approved by the Institutional Review Committees of the Pitt County Memorial Hospital and the East Carolina University School of Medicine. Subjects were randomly selected by the principal investigator without prior knowledge of associated medical conditions or extent of coronary artery disease. An attempt was made to select equal numbers of male and female subjects with coronary artery disease and valvular heart disease. Because of this, our study population did not reflect the overall population of cardiac surgery subjects at our institution, most of whom are male patients with coronary artery disease. Subjects with combined coronary artery disease and valve disease were not studied. All subjects with valve disease had negligible coronary artery disease on heart catheterization. All subjects in both patient groups were prepared for surgery in an identical fashion, and the initial surgical procedure was similar in both groups. Subjects were premedicated for surgery with either intravenous midazolam or lorazepam. Intravenously administered cefuroxime was given prior to surgery for prevention of wound infection. Anesthesia was maintained with fentanyl or sufentanil citrate. Paralysis was induced and maintained with either pancuronium or vecuronium. Supplemental oxygen was administered during the procedure sufficient to maintain the hemoglobin saturation at 100% as measured by pulse oximetry and arterial blood gas monitoring. At no time were any of the subjects hypoxemic. The chest was opened by median sternotomy. Pleural fluid was collected in ten subjects undergoing left internal mammary artery grafting. The fluid was collected prior to graft harvesting using a suction catheter. Pericardial fluid was collected with a suction catheter inserted into the pericardial sac immediately after the pericardial sac was opened. Following collection, the fluid was immediately chilled on ice. To inhibit the formation or degradation of adenosine, or both, solutions of 3 AM 9-erythro-2-(hydroxy-non-3yl) adenine, 26 gM dipyridamole, and 6 mM a, f-methylene adenosine 5'-diphosphate dissolved in saline solution were immediately added. The final concentrations of inhibitors were 0.23, 2, and 60 ,uM, respectively. Only samples that were free of blood contamination during the surgical procedure were collected. Following collection of the fluid, cells were counted on a hemocytometer and the cellular component was separated by centrifugation (400g for 8 min). The cellular pellet was resuspended in Hank's balanced salt solution and prepared for cytologic examination and differential counting by centrifugation (Cytospin, Southern Instruments, Sewickly, Pa), followed by staining with Diff-Quick method (Baxter Scientific, MeCaw Park, Ill). Lymphocytes and neutrophils were identified by their characteristic features. Macrophages and mesothelial cells could not be reliably distinguished and were treated as a group.'3 The pericardial fluid supernatant was centrifuged a second time (38,000g for 15 min). Aliquots of the lavage fluid were frozen at -70°C for subsequent analysis.
Samples were prepared for measurement of adenosine by adding sufficient 50% trichloroacetic acid to obtain a final concentration of 10% trichloroacetic acid. The solution was vortexed and chilled at 4°C for 10 min. The solution was centrifuged at 10,000g in a microcentrifuge for 10 min. The supernatant was removed and washed to remove excess trichloroacetic acid by extraction (4 volumes) with water-saturated diethyl ether. The solution was lyophilized and resuspended in one half of the original volume with saline solution.
Adenosine was measured in 50,tL of the fluid using a Beckman high-performance liquid chromatography system with a Waters ultraviolet light detector set at a wavelength of 254 nm.14 The sample was injected into a 3.9 mmX15 cm NOVA-pak C18 reversed phase column (Waters Instruments, Rochester, Minn) and eluted with a mobile phase consisting of 4 mM KH2PO4, and 8% methanol (volume per volume), pH 5.0, at a flow rate of 1.0 mL/min. The presence or absence of adenosine was confirmed by the addition of a known amount of adenosine to augment adenosine peaks and by the technique of enzymatic shift wherein adenosine deaminase is used to convert adenosine to inosine. In this assay system, adenosine appeared as a single distinct peak with a retention time of about 8.5 to 9 min. Adenosine concentrations were calculated by integrating the area under the curve and comparing this with adenosine standards of known concentration. The assay was capable of detecting adenosine at concentrations as low as 100 nmol, which is the detection limit for 
RESULTS
This study population consisted of 12 male and 11 female subjects with coronary artery disease and 10 male and 10 female subjects with valvular heart disease. The mean age of the subjects with coronary artery disease was 59.7 ± 2.2 years, and the mean age of the subjects with valvular heart disease was 60.4 ± 3.2 years. The ejection fraction, estimated at the time of cardiac catheterization, was 55± 3% in subjects with coronary artery disease and 52 ± 4% in subjects with valvular heart disease. Subjects with valvular heart disease did not have coronary artery disease. Cardiac catheterization was performed within 2 months of heart surgery. Subjects undergoing coronary artery bypass surgery had severe coro- nary artery disease. Thirteen subjects had a history of myocardial infarction. Seven of these had recent infarctions (within 4 days prior to surgery). Four subjects had stenosis of the left main coronary artery.
Ten subjects had stenosis of three vessels, six subjects had two-vessel disease, and three subjects had singlevessel disease. The indication for bypass surgery in all cases was unstable angina. Twelve subjects had chest pain at rest.
The results of pericardial fluid analysis are summarized in Table 1 . The distribution of individual measurements of adenosine in both subject groups is illustrated in Figure 1 . Adenosine concentrations were significantly increased in subjects with coronary artery disease. Pericardial fluid LDH was significantly increased in subjects with coronary artery disease, but the mean serum LDH was actually slightly lower in this group (193±10 vs 220±11 IU for control subjects). The volume of pericardial fluid collected was significantly higher (p=0.009) in subjects with valvular heart disease than coronary artery disease, while the cellularity of the fluid, expressed as cells per milliliter of fluid collected, was higher in the group with coronary artery disease.
An attempt was made to determine whether adenosine concentrations were correlated with the with valve disease and coronary artery disease was remarkably similar, with a large majority of cells being either macrophages or mesothelial cells. Red blood cell numbers were minimal in most cases. In the nine subjects with the most RBCs, concentrations of RBCs ranged from 104mL to 2.3X105/mL. Adenosine concentrations did not correlate with the protein content of the fluid (r=0.27; p=0.08). No significant age or sex differences were observed. An attempt was made to correlate adenosine concentrations in pericardial fluid with the severity of coronary artery disease found at angiography and with the presence of myocardial infarction. Seven subjects had a recent myocardial infarction (within 4 days of surgery) indicated by elevation of serum creatine kinase and LDH isoenzymes. The mean pericardial fluid adenosine concentration in these subjects was 2.01 ± 0.39 compared with a mean adenosine concentration of 2.95 ± 0.42 in the other 16 subjects without myocardial infarction. Four subjects had left main coronary artery disease. The mean adenosine concentration in pericardial fluid of these subjects was 2.86 ± 0.47 AM. (Two of these subjects also had acute myocardial infarction.) Adenosine concentrations also were similar in subjects with chest pain at rest and in those subjects with pain associated with exercise. An attempt was made to determine whether differences in adenosine concentrations in pericardial fluid might be explained by differences in adenosine deaminase activity. Mean adenosine deaminase activity was 10.1 ± 1.0 U/L in a subset of 10 subjects with coronary artery disease and 9.8 ± 1.0 U/L in 10 subjects with valvular heart disease.
The stability of adenosine in the presence of 9-erythro-2-(hydroxy-non-3yl) adenine; a, f-methylene adenosine 5'-diphosphate, and dipyridamole was tested in pericardial fluid obtained from four additional subjects with coronary artery disease. Adenosine was added to the pericardial fluid containing the inhibitors to ensure concentrations of at least 1 MM. Adenosine concentrations remained stable (within 15% of baseline) for at least 20 min when incubated at 37°C.
Adenosine concentrations were measured in the pleural fluid of 10 subjects with coronary artery disease. The mean pleural fluid adenosine concentration was 9.45 ± 2.88 MM. The mean adenosine concentration in pericardial fluid of the same subjects was 2.94 ± 0.44 MM. Adenosine deaminase activity was measured in the pleural fluid of seven subjects and was found to average 9.2 ± 1.8 U/L.
DISCUSSION
The results of our study are consistent with the hypothesis that adenosine is released by ischemic human myocardium. Adenosine concentrations were approximately twofold higher in pericardial fluid obtained from subjects with coronary artery disease than that obtained from a control group with valvular heart disease and normal coronary arteries. Previous studies in humans have had difficulty in measuring adenosine release from the myocardium owing to the very rapid metabolism of adenosine in blood. In a recent study of venous effluent coronary sinus blood, adenosine concentrations increased from 0.132 to 0.265 MM during cardiac pacing-induced tachycardia in subjects with coronary artery disease.7
No increase in coronary sinus blood adenosine was measured in subjects without coronary artery disease. To our knowledge, no previous studies have measured adenosine concentrations in human pericardial fluid. The concentrations measured in pericardial fluid in-our study are remarkably high, considering that concentrations of adenosine in plasma have been reported to be about 0.05 AMM.10 High concentrations of adenosine in pericardial fluid might have resulted from adenosine release during myocardial ischemia prior to or during surgery. While we have no direct evidence that myocardial ischemia was present in our subjects at the time of surgery, all patients undergoing bypass surgery had severe coronary artery disease. Most of these subjects had three-vessel disease with high-grade stenotic lesions. Half the subjects had resting pain and some very likely had silent ischemia. Unfortunately, there is no accepted biochemical marker for ongoing myocardial ischemia which is available for comparison with adenosine. The induction of transient ischemia during surgery would be required to prove a direct link between ischemia and adenosine release into pericardial fluid. This was beyond the scope of our study.
Adenosine concentrations greater than 1 gtM have produced human coronary artery vasodilation in vitro.1819 Accordingly, the concentrations of adenosine measured in pericardial fluid in valvular heart disease are at the threshold for producing coronary artery vasodilation. Higher concentrations such as were measured in many of our subjects with coronary artery disease would be capable of activating aortic second sound receptors on coronary artery smooth muscle, if adenosine concentrations in pericardial fluid approximate those in myocardial interstitial fluid.
Measurement of adenosine in pericardial fluid formed from cardiac interstitial fluid has been used to study the release of adenosine in animal models of myocardial ischemia.'112 Studies which have measured pericardial fluid adenosine in animals have assumed that adenosine is released from the myocardium and migrates to the epicardial surface where it mixes with pericardial fluid. This fluid is later absorbed by the pericardium. The use of an epicardial well to collect fluid migrating from the myocardium has allowed investigators to estimate adenosine concentrations in cardiac interstitial fluid. Adenosine concentrations in our study were High concentrations of adenosine in pericardial fluid could be perpetuated by a relative lack of adenosine deaminase in the fluid compared with plasma. Adenosine deaminase activity in pericardial fluid, however, was similar to the enzyme activity reported in serum.17 Adenosine deaminase activity was nearly identical in the pericardial fluid of subjects with coronary artery disease and valvular heart disease.
The availability of sampling pleural fluid during internal mammary artery bypass grafting provided a unique opportunity to measure adenosine in pleural fluid. Ordinarily, pleural fluid in normal individuals is inaccessible owing to the very small amount present. Adenosine provokes bronchoconstriction in subjects with asthma, and micromolar concentrations of adenosine have been measured in bronchoalveolar lavage fluid in asthmatic subjects.20 Surprisingly high concentrations of adenosine also were measured in pleural fluid. In fact, adenosine concentrations were actually higher in pleural fluid than in pericardial fluid in the same subjects with coronary artery disease. Since pleural fluid may be formed from lung interstitial fluid, micromolar adenosine concentrations also may be present in lung interstitial fluid. Adenosine would thus be present in sufficient concentration to provoke bronchoconstriction in asthmatic subjects by stimulating either mast cell release of mediators or by directly stimulating bronchial smooth muscle contraction. The mean adenosine deaminase activity of 9.2 U/L measured in the pleural fluid of seven subjects was very similar to that recently reported in 88 transudative pleural effusions by Valdes and coworkers.21 The majority (78%) of these transudative effusions were associated with congestive heart failure.
In summary, the results obtained in this study are consistent with the hypothesis that adenosine is released by ischemic myocardium. Adenosine is present in sufficiently high concentrations in pericardial fluid to activate receptors which stimulate coronary artery vasodilation.
